INTRODUCTION
By 2050, it is anticipated that approximately 89 million people in the United States will be older than 65 yr, more than double the number of older Americans in 2010. This is of particular concern because the process of aging significantly increases cardiovascular (CV) morbidity even in the absence of other risk factors (e.g., hypertension, obesity, diabetes, and hypercholesterolemia). As such, the risk of death from heart disease is approximately 60-fold greater in the eighth decade compared with the fourth decade of life. Furthermore, aging also is associated with a drastic increase in subclinical/occult CV diseases (i.e., silent coronary atherosclerosis). Therefore, aging of the U.S. population is one of the major public health challenges that we face.
Compelling evidence has shown that with healthy aging (absence of CV disease), the heart and vasculature undergo considerable remodeling and deterioration in function, especially in response to stress (such as acute exercise). Although such changes are considered to be representative of normative aging, the CV adaptations to aging lower the threshold for the development of CV disease. Indeed, aging in the presence of CV diseases (hypertension, diabetes, atherosclerosis) or the clustering of CV risk factors (i.e., metabolic syndrome) accelerates the arterial and cardiac dysfunction. As such, these age and disease interactions impair the coupling between the heart and arterial system, termed arterial-ventricular coupling (E A /E LV ), a key determinant of CV performance and efficiency. The CV system is modulated to provide sufficient pressure and flow to the tissues. Understanding the performance (pressure and flow output) of the heart requires examination of the properties of the left ventricle (LV) itself (power and stroke capacity) and the modulating effects of the arterial system (capacitance and inertial properties of the aorta and the resistance capacity of the microcirculation) on LV performance. E A /E LV allows the examination of the crosstalk between the heart and arterial system. Importantly, individuals who maintain a physically active lifestyle, or who partake in exercise training later in life, can either ameliorate or delay some, but not all, of the CV alterations that accompany advancing age. This article examines the underlying concept of E A /E LV and how age and CV disease result in a mismatch in the coupling between the LV and arterial systems and how exercise training "recouples" the interaction.
WHAT IS ARTERIAL-VENTRICULAR COUPLING?
LV performance is influenced by the arterial load, and arterial properties are, in turn, influenced by LV performance. Such interactions influence the magnitude and efficiency of transfer of cardiac stroke work to the circulation. By characterizing the arterial system and LV in terms of elastance, we are able to examine the crosstalk between the LV and arterial system in the same measurement domain. Typically, arterial load is characterized in the frequency domain as impedance spectra, whereas LV performance is characterized in the time domain by indexes of pressure and volume. This hinders the ability to examine the interaction between the heart and arterial system. Sunagawa et al. (50) conceived a measure of arterial load (E A ) that could be directly compared with a measure of LV contraction (E LV ; albeit E LV also is influenced by noncontractile aspects; see following sections for more detail) in the same units (elastance; change in pressure for a given change in volume). Through characterizing the arterial and cardiac systems in terms of pressure and volume, we are able to examine their direct interaction with one another.
ARTERIAL ELASTANCE
Arteries are not simply pipes through which the heart ejects blood to the vital organs and tissues. Rather, they act to dampen the pulsatile blood flow from the heart to a steadier flow within the peripheral circulation. The stiffness of the arterial wall affects the blood vessel's ability to store stroke volume (SV) from the heart without imposing an excessive afterload, to later recoil during diastole resulting in a progressive reduction in pulsatile blood flow across the arterial tree. As such, the arterial system plays a key role in LV function and determining LV mechanical efficiency (the ratio of energy transferred to the arterial system to the energy consumed for this action). For example, arterial end-systolic pressure (ESP) changes with SV in a roughly linear manner, provided that heart rate (HR) and the diastolic-systolic time intervals remain constant. Thus, the greater the SV ejected into the arterial system, the greater the generated ESP.
In the pressure-volume plane, we can characterize the arterial load on the LV as E A . Rather than specific arterial properties or location on the arterial tree, E A simplifies the arterial load into an integrative index that incorporates the principal elements of arterial load (peripheral vascular resistance, total arterial compliance, characteristic impedance, and systolic and diastolic time intervals) (50). As such, E A can be considered a measure of the net arterial load that is imposed on the LV. Invasively, E A is determined from the pressure-volume loop as the negative slope of the line joining the end-diastolic volume and ESP points (Fig. 1 ). An increase in afterload is depicted by an increase in the slope of the end-systolic pressure to end-diastolic volume relationship to the right, resulting in a higher LV pressure for a given end-diastolic volume. Noninvasively, E A can be calculated from ESP and SV (Equation 1).
ESP can be estimated from the formula [2 Â (systolic BP + diastolic BP)] / 3, or from ESP = 0.9 Â brachial systolic BP. The latter was found to approximate ESP measured invasively (13) . However, with recent advances in the imaging field, ESP also can be derived from the arterial waveform, obtained from applanation tonometry, and this method of obtaining ESP was shown to be more reliable than using a calculation (29) .
It is important to state that E A has disadvantages as a measure of arterial load, in that E A is sensitive to HR, which is a cardiac rather than arterial property. Furthermore, the incorporation of the stiffness component of arterial load within E A has been questioned. Theoretically, an increase in arterial stiffness would lead to an increase in blood pressure pulsatility and a higher ESP. Because E A is calculated from ESP/SV, a widening of ESP from mean pressure (due to arterial stiffening), would lead to a higher E A relative to mean resistance load (systemic Figure 1 . Pressure volume loop. A representative depiction of the pressure-volume relationship comparing the slope of the end-systolic pressure-volume relationship (ESPVR) and the slope of the line joining the ESP and EDV points (E A ) from a healthy young control (A) and an older individual with hypertension (B). End-systolic elastance (E LV ) reflects a load-independent measure of left ventricular (LV) contraction and is steeper in an older hypertensive individual. Effective arterial elastance (E A ), a measure of net arterial load on the LV, is increased (thereby reducing SV and increasing ESP) in an older individual compared with a young healthy individual.vascular resistance). Furthermore, it also has been shown that E A is directly related to arterial resistance and inversely related to arterial compliance (12) . During exercise, the contribution of compliance and resistance to E A are nearly equal (44) . Despite this, evidence collected in human subjects suggested that E A is mostly dependent on resistance and is negligibly affected by changes in pulsatile afterload (16) . This is important given that the pulsatile component of arterial load is highly relevant with aging and CV disease. As such, it is imperative that E A not be considered a measure of arterial stiffness. Although arterial stiffness may not significantly affect E A , the pulsatile component of arterial load is incorporated in the E A /E LV paradigm because of the effects of arterial stiffness on LV fibrosis, dysfunction, and failure. Thus, E A can be considered as a surrogate measure of net arterial load whose advantage is that it can be related to measures of E LV , thus, allowing the study of arterial and ventricular interactions.
END-SYSTOLIC ELASTANCE
Invasively, the contractile function of the LV is expressed from the slope of the end-systolic pressure-volume relationship (ESPVR; Fig. 1 ), which can be obtained from a series of pressure-volume loops recorded while the preload of the heart is altered. Historically, E LV reflects a relatively (within normal physiological limits) load-independent measure of LV contraction (chamber stiffness at end systole). An increase in contractility is depicted by an increase in the slope and a shift in the ESPVR to the left, which allows the ventricle to generate more pressure for a given LV volume. In Figure 1 , V O represents the theoretical volume intercept of the ESPVR. The calculation of E LV assumes that the ESPVR is independent of load, that its slope is linear, and that V O is insensitive to inotropic influences. However, ESPVR is generally nonlinear, and V O is not totally independent of the inotropic state. Thus, caution is warranted when comparing between groups with different loading conditions. Although E LV reflects the inotropic state of the myocardium, E LV also reflects the geometric (structural remodeling) and biochemical properties (i.e., stiffness or compliance of myocytes, composition of muscle, fibrosis, collagen, etc.) in the LV wall (8) . For example, a stiffer LV due to remodeling leads to a higher E LV . E LV should, therefore, be considered an integrated measure of LV chamber performance that can be related to an integrated measure of arterial load (i.e., E A ). Traditionally, E LV is assessed from multiple cardiac cycles (acquiring pressure and volume data); however, algorithms have been generated and validated to derive E LV noninvasively from single steady-state data. See Chantler et al. (8) for a more detailed review of the methods to measure E A and E LV . Noninvasively, E LV can be calculated from ESP and SV (Equation 2).
ARTERIAL-VENTRICULAR COUPLING AND CLINICAL RELEVANCE
At rest and in healthy individuals, the properties of the heart and arteries are closely matched so that near-maximal cardiac work, power, and chamber efficiency are achieved. Effective coupling between the heart and arteries reflects an optimal transfer of SV without excessive changes in blood pressure and to provide optimal CV flow reserve without compromising arterial pressures. It is suggested that the mechanical energy (i.e., stroke work) transferred from the ventricular to the arterial system is maximal when the slopes of E A and E LV are approximately equal (51) . Further exploration of optimal matching between E A and E LV revealed, in isolated canine hearts, that stroke work was maximal at E A /E LV~0 .8, whereas cardiac efficiency was maximal at E A /E LV~0 .7 (19) . In healthy humans, the optimal range of E A /E LV to cardiac efficiency and stroke work range from 0.7 to 1.0. Noninvasively, the coupling ratio can be calculated from E A and E LV (Equation 3).
E A =E LV
How E A and E LV interact with each other has significant implications on the transfer of blood from the LV through the circulatory system and the preservation of CV reserve. For example, at rest, a stiffer LV (increased E LV ), or an increase in arterial load (increased E A ) means that systolic blood pressures are much more sensitive to changes in cardiac volumes (31) . Thus, situations that alter cardiac volumes acutely, such as a change in posture, overeating, or use of medications, would result in an exaggerated change in pressures and increase the amount of myocardial oxygen consumption required to deliver a given SV. In turn, such a response can negatively impact systolic and diastolic LV function and worsen regional coronary ischemia (31) . The clinical importance of E A /E LV was reflected by its ability to predict outcome (all-cause mortality, stroke, and myocardial infarction) in patients with heart failure (32), acute coronary syndrome (37) , and myocardial infarction (1). E A /E LV also was shown to correlate with B-type natriuretic peptide levels, which is released from the myocardium in response to myocyte stretch and transmural pressure load in patients with a history of myocardial infarction (1) . Finally, recent data suggest the application of E A /E LV for risk stratification of patients undergoing stress echocardiography, whereby a small E A /E LV reserve capacity was associated with a higher prevalence of adverse outcomes (5).
AGING AND ARTERIAL-VENTRICULAR COUPLING At Rest
Age is the dominant risk factor for CV disease and is linked to the age-associated changes to the structure and function of the heart and arteries. The CV changes with age occur in everyone but not necessarily at the same rate or to the same extent, and this may account for the difference noted in the development of CV disease between individuals of the same chronological age. In the resting state, invasive assessments of E A have reported an increase in E A of 44% to 73% between the ages of 20 and 79 yr (14, 18) , indicating a deterioration in arterial health. However, these data provided limited insight into the influence of healthy aging on E A because patients with coronary artery disease and on chronic CV medications were included. Noninvasive cross-sectional studies in healthy individuals have reported an increase in E A with age (45-95 yr) between 7% and 12%, and that inclusion of individuals with existing CV disease further increased the age-associated change in E A by 17% to 20% (46) . The increase in E A with age reflects the age-associated alterations in conduit and microvascular structure and function, including an increase in conduit arterial lumen diameter, wall remodeling and stiffness (increases in collagen deposition and decreases in elastin), and endothelial dysfunction (in both conduits and microvessel) via reduced bioavailability of nitric oxide, which likely reflect the ageassociated accumulation of oxidative stress and inflammation (33, 34) . However, the gradual increase in E A with healthy aging was not confirmed in a longitudinal study over 4 yr and, in individuals with CV disease, E A decreased slightly (2%) (7), highlighting the importance of performing longitudinal studies.
In healthy individuals, cross-sectional studies have shown that resting E LV increased between 10% and 28% with age (20-79 yr) (14, 18, 46) . Furthermore, unlike E A , longitudinal examination of the change in E LV with healthy aging confirmed the cross-sectional reports of a gradual increase in E LV (11%), and that inclusion of people with CV disease did not alter the age-associated increase in E LV (8% increase) (7) . It is important to note that the increase in E LV with age is unlikely to be a reflection of an increase in LV contractility but, rather, reflects passive stiffening and LV remodeling, reflective of a reduction in the number of cardiac myocytes, an increase in LV wall thickness, and collagen deposition, with nonenzymatic crosslinking within the heart (33, 34) . An important implication of this finding is that a significant component of LV stiffening seems to be mediated by processes that are independent of elevations in arterial load.
A consequence of the age-associated increase in E LV , with a minimal change in E A , ensured that the E A /E LV ratio gradually decreased with increasing age. However, E A /E LV values remained in a narrow range, allowing for optimal energetic efficiency at the expense of mechanical efficacy (7, 14, 18, 46) . However, having a lower resting E A /E LV would mean that older individuals would have less reserve capacity to call on during times of stress.
With certain disease states, the resting E A /E LV ratio remained stable in people with hypertension, obesity, and metabolic syndrome (MetS). We previously have shown in patients with MetS who have a clustering of metabolic risk factors (mild hypertension, obesity, elevated glucose, and hyperlipidemia) that at-rest E A , E LV , and, therefore, E A /E LV were similar to healthy controls. However, other groups have shown that with hypertension and obesity, E A and E LV were increased between 15% and 60% and 16% and 95%, respectively, compared with controls (9, 15, 17, 35, 48) . Such elevations in E A and E LV at rest reflect further increases in wall stiffness and wall thickness, with increased reflected pressure waves (augmenting central systolic pressure).
Although the age-associated increase in E A and E LV maintains E A /E LV within a normal range, the absolute magnitude of both the numerator (E A ) and denominator (E LV ) is equally important and has detrimental effects on hemodynamic stability and CV reserve. In young healthy individuals, the low resting E A and E LV , with optimal coupling, maintain an optimal transfer of blood from the LV to periphery without excessive changes in blood pressure and provides optimal CV flow reserve without compromising arterial pressures (30) . However, with increasing age or the presence of CV diseases, the increased resting E A and E LV result in a large change in LV pressures for a given change in LV volume (14, 31) . Consequently, the stroke work (myocardial demand) required to perform this task is increased and can potentially have negative consequences on systolic and diastolic function, including coronary flow (i.e., greater dependence on systolic pressure for coronary flow) (31) . Thus, older individuals are working at a higher set point regarding changes in pressure for a given change in loading conditions, and this disadvantage is further exaggerated in CV disease. Because the absolute level of any given hemodynamic variable during exercise is determined in part by the resting value for that variable, any elevation in resting E A and E LV (despite matched coupling) would likely reduce the coupling reserve capacity, i.e., rest minus peak values (see next section for more detail).
During Exercise
Exercise provides a powerful tool to examine the response of the CV system to stress, to assess its functional reserve capacity, and to reveal pathophysiological changes that often are hidden from sight at rest. The CV system meets the demands of the exercising tissues by modifying a complex combination of alterations in HR, LV contractility, preload, and afterload. During exercise, the goal of the CV system is to prioritize cardiac efficacy over energetic efficiency, and this is manifested by a decrease in the coupling ratio (i.e., a greater relative increase in E LV than E A ). In other words, during exercise, the reduction in the coupling ratio reflects a suboptimal set point from the standpoint of LV performance and metabolic efficiency; however, it does reflect an optimization of LV stroke work. The decrease in E A /E LV during exercise is supported from data collected in both animal and human models. In adult dogs, Little and Cheng (42) reported a 25% decrease in E A /E LV from rest to submaximal exercise. In healthy human subjects undergoing supine cycle ergometry, Asanoi et al. (3) observed that E A /E LV decreased by 35% and 54% at workloads corresponding to 30% below and 30% above the anaerobic threshold, respectively; and Chantler et al. (14) found that E A /E LV decreased by approximately 65% (from an average of 0.58 to 0.34, and 0.52 to 0.27 in men and women, respectively) from rest to peak exercise. In these scenarios, the reduction in E A /E LV with exercise is due to an acute increase in E LV , which reflects an increase in LV contractility. The response of E A during exercise is dependent on the changes in its components. E A is linearly related to HR and peripheral resistance and inversely related to compliance (12, 43) . Both resistance and compliance usually decrease during exercise (reflecting less resistance to blood flow in the microcirculation, but increased stiffness of the conduit arteries), and the relative contribution of the pulsatile component (compliance) to E A increases, so that by 80% of peak exercise, the resistive and the pulsatile components provide nearly equal contributions to E A (43) .
With aging, the ability to increase HR, and lower resistance, during exercise is blunted (33,34) ; however, the change in E A during exercise was not affected by age (39) . Perhaps, the blunted changes in resistance, compliance, and HR with age are compensated for by the greater increase in blood pressure during exercise in older versus younger healthy individuals (42) . We have shown that some of the components of the changes in E A seem to be related to each other (10) . That is, greater preservation of compliance during exercise is associated with a greater reduction in systemic vascular resistance. This suggests that the tandem changes in vascular resistance and compliance seem to be linked. Furthermore, the change in E A during exercise also is linked to a specific pattern of change in ventricular volumes and function, whereby the change in E A is inversely related to the recruitment of end-diastolic volume and the enhancement of SV and cardiac output with exercise. Indeed, individuals who expressed a large increase in E A during exercise demonstrate a reduced ability to augment SV via the Frank-Starling mechanism (10).
In contrast to E A , there is a clear limitation in the increase in E LV during exercise with age, with noticeable deficits at submaximal workloads and an approximately 40%-55% smaller maximal E LV in individuals aged 60 versus 40 yr (39). This would suggest that a decrease in LV contraction during exercise with increasing age is evident at lower exercise workloads, which is clinically significant given that most individuals spend more time during low levels of physical activity. As such, older individuals are working harder at the same submaximal workload than younger individuals. It is known that, with aging, LV emptying is substantially impaired during maximal exercise, likely reflecting a stiffer heart, impaired intrinsic myocardial contraction, and reduced cardiac response to β-adrenergic receptor stimulation (25) . As a consequence of the impaired E LV response during exercise, there is a corresponding blunted reduction in E A /E LV with increasing age (39) . Importantly, we have shown that acute pharmacologic reduction in both cardiac and vascular components of LV afterload by sodium nitroprusside (nitric oxide donor) in older, healthy individuals lowered maximal E A /E LV , and therefore represents an enhanced peak exercise CV response similar to levels noted in younger individuals (11, 41) . The improved CV response was due to an increase in maximal E LV because the effects of sodium nitroprusside on E A waned at higher levels of exercise, such that peak E A was similar during both sodium nitroprusside and placebo infusions. Further examination of the components of E A reveals that sodium nitroprusside did not alter arterial resistance or compliance at peak exercise. However, as previously discussed, E A is less sensitive to changes in compliance and, given the known effects of sodium nitroprusside on reducing arterial wave reflection (and thus pulsatile afterload), the increased peak exercise E LV (and decreased E A /E LV ) may also have been due to a reduction in peak exercise arterial wave reflection, especially given the reduction in systolic blood pressure at rest that persisted throughout exercise. Thus, at peak exercise in the old heart, sodium nitroprusside was able to augment the CV performance predominately through increasing LV contractility directly and via a reduction in LV wall stress and possibly via a reduction in the pulsatile component of arterial load.
To what extent the age-associated deterioration in peak exercise E A /E LV is further blunted in the presence of CV disease is limited to a handful of studies, and those studies suggest that the alteration in peak E A /E LV is dependent on the type of disease state. Borlaug et al. (6) showed that hypertensive individuals expressed a similar increase in E A , and E LV , and a decrease in E A /E LV at submaximal and maximal exercise, compared with normotensive individuals matched by age and sex. However, a closer look at these data would suggest that the decrease in E A /E LV at peak exercise had started to become blunted with hypertension, and significant differences may have been obtained if the hypertensive response was compared with a healthy control group without obesity or elevated cholesterol. In contrast, we previously have shown that in individuals with systolic hypertensive but otherwise healthy people, E A /E LV at 50% of peak exercise and at peak exercise did not differ compared with healthy age-and sex-matched controls, i.e., both groups had a similar decrease in E A /E LV (9) . This would suggest that E A /E LV performance at peak exercise is not affected by the presence of hypertension in persons without overt cardiac disease. However, because of the lower resting E A /E LV (i.e., less optimal coupling) in systolic hypertensive women, the E A /E LV reserve (peak-rest E A /E LV ) was reduced, which was not evident in men (9) . Furthermore, we found that the E A reserve also was reduced in systolic hypertensive men and women, which may reflect a compensatory response to prevent an excessive increase in arterial load and, therefore, permit an adequate E LV increase during exercise. However, what is clear is that more research is needed to tease out how the various forms of hypertension affect the sex-specific coupling response during exercise.
Another modern CV risk factor is obesity, which is at epidemic levels. Similar to hypertension, peak E A /E LV values (and E A /E LV reserve) were similar between obese and nonobese individuals (21) . However, this was despite a smaller increase in peak exercise E A (by 27%) and E LV (by 39%) in obese compared with nonobese individuals. Recently, we have shown that when multiple CV/metabolic risk factors cluster together in a given individual, namely MetS, that the reduction in E A /E LV during exercise is blunted compared with healthy age-and sex-matched controls. This limited E A /E LV response was due to a smaller increase in E LV (but not E A ) from rest to peak exercise in MetS (27) , suggesting that peak exercise LV contractility is reduced in MetS. The discrepancy between the impaired peak coupling response with obesity and MetS (for which obesity is a key determinant) suggests that the added CV risk factors that determine MetS (elevated blood pressure and glucose, hyperlipidemia) have a critical role in uncoupling peak arterial and LV interactions. Furthermore, our data in MetS demonstrate that pathophysiological CV alterations occur in the earliest stages of MetS development, before any evidence of chronic disease such as diabetes and/or overt CV disease, and that impaired LV systolic function during exercise occurs before evidence of LV systolic dysfunction at rest. So, what is the clinical significance of a reduced ability to lower E A /E LV during exercise with age or with certain CV disease states? The reduced E A /E LV reserve with age that is further exacerbated in MetS suggests an inability to attain maximal efficacy, manifested by a limited increase in LV contractility during exercise. Given that E A /E LV is a determinant of CV performance, it is not surprising that the E A /E LV reserve is inversely correlated with peak aerobic capacity in various populations (6, 24, 26) . A reduction in peak aerobic capacity represents one of the most important age-and disease-associated physiological changes with regard to quality of life and functional independence. Indeed, peak aerobic capacity is a predictor of all-cause and CV-specific mortality (38) . The alterations in resting and exercise E A and E LV likely contribute to this reduced peak aerobic capacity. Whereby, an increased E LV at rest would translate into a less effective increase in E LV during exercise, thereby limiting CV performance (6) . For example, individuals who start at a higher E LV at rest likely have a limited capacity to further increase SV, and the limited SV response is further exacerbated when a stiff heart is connected to a stiff artery (14, 31) . Furthermore, acute infusion of verapamil improved E A /E LV and corresponded with an improved exercise capacity (10) . These data suggest a direct link between E A /E LV and aerobic capacity, in that a blunted coupling likely results in a reduced effective transfer of blood from the heart to periphery, thereby reducing functional reserve capacity.
Can Exercise Recouple the Heart and Vasculature?
People are living longer, and, with an increased prevalence of CV diseases, it is imperative to identify and implement strategies that will reverse or at least delay the development of CV disease. Habitual exercise has been shown to be an effective intervention to improve various aspects of arterial and cardiac systems that impact E A and E LV , although the effects of exercise training on CV performance are in certain circumstances dependent on sex and exercise activity/intensity (aerobic, resistance, aquatics, etc.). In general, moderate aerobic exercise interventions reduce blood pressure and aortic arterial stiffness in healthy middle-aged/older men/women (45) and in patients with MetS (22), but do not improve arterial stiffness in the more muscular femoral arteries (40) . We also have shown that exercise training can improve central blood pressure, augmentation pressure, and arterial wave reflection in MetS (22) . Similarly, brachial artery endothelial function also has been shown to be affected by habitual exercise training. In older men, brisk walking restored brachial artery endothelial function to levels noted in young healthy individuals (20) . The improved endothelial function likely was due to an increase in nitric oxide bioavailability and an upregulation in endothelial nitric oxide synthase protein expression and phosphorylation (20) . In contrast, the influence of regular aerobic exercise on macrovascular endothelial function with aging in women is far less clear with either no improvements (45) or an increase in endothelial function noted (52) .
Important exercise-induced adaptations also occur to the aged heart including physiological eccentric LV remodeling (3), lower resting HR, improved peak exercise cardiac function (increased SV and reduced end-systolic volume), and aerobic capacity (28, 49) . However, in terms of resting LV function (SV, end-diastolic volume, ejection fraction, or LV contractility), moderate/high intensity exercise training for 8-48 wk in previously healthy sedentary older persons had limited effects (4, 23, 49) . Thus, regular exercise training seems to be an effective strategy, for the most part, for combating several adverse cardiac and arterial changes associated with aging. We have shown previously that E A /E LV is moderately correlated with peak aerobic capacity, again suggesting a relationship between E A /E LV and fitness (26) . However, only a handful of studies have examined how exercise training affects E A /E LV at rest and during exercise. We hypothesize that exercise training is an effective therapeutic intervention to recouple the interactions between the LV and vasculature.
In young healthy men and women, 8 wk of aerobic exercise training increased E LV and lowered E A /E LV at rest, but only in women (36) . This increase in E LV likely reflected an increase in LV contractility rather than an increase in passive LV stiffness (as evidenced with aging or the presence of CV disease), or an attempt to offset an increase in E A , which was not evident in this study. Indeed, irrespective of sex, aerobic exercise did not alter resting E A . This was despite both groups showing lower central pulse wave velocities (a measure of arterial stiffness) (36) . Furthermore, the increase in E LV was accompanied by a reduction in ESP, which likely allowed for a more efficient CV system, i.e., improved transfer of SV without an excessive increase in pressure. To what extent exercise training in young healthy individuals only showed beneficial effects on resting E A /E LV in women is unknown and highlights the importance of examining the sex-specific changes in CV function after exercise training.
In an older population free of CV disease, Schulman et al. (49) explored the role of exercise training and detraining on Figure 2 . The change in arterial ventricular coupling after aerobic exercise training or detraining. Aerobic exercise training in healthy older individuals had minimal effects on (A) resting arterial elastance indexed to body surface area (E A I) and (B) end-systolic elastance indexed to body surface area (E LV I), but a slight increase in E A /E LV (C) at rest. However, at peak exercise, aerobic exercise improved E LV I and lowered E A /E LV in previously sedentary older individuals. In contrast, in master athletes who stopped their endurance training, resting E A I (D), E LV I (E), and E A /E LV (F) were minimally affected by this detraining, whereas exercise detraining decreased E LV (~12%) and blunted E A /E LV (~32%) at peak exercise. Created from previously published data, Schulman et al. (49) .
CV performance. Although the focus of the study was not on E A /E LV , one can obtain a rough idea as to how E A /E LV was impacted in this study by calculating E A /E LV and its components from reported average data. In healthy older men, 6 months of aerobic exercise training (3-4 times·wk −1 ) slightly lowered resting E A and E LV . As such, no change in E A /E LV was noted (Fig. 2) . This is important given that E A and E LV are elevated at rest with age and have important consequences on resting CV efficiency. Thus, a decrease in E A and E LV likely improves mechanical efficiency at rest. Whereas, at peak exercise, exercise training lowered E A (~8%) and increased E LV (~46%), resulting in a lower E A /E LV (~37%) (Fig. 2) . The greater reduction in E A /E LV during exercise would have allowed for a greater stroke work and an improved peak aerobic capacity. In this case, the improved E A /E LV was due to a combined effect of E A and E LV . Whereby, the reduction in peak exercise E A after exercise training likely, in part, contributed to the improved E LV (i.e., the LV has less arterial load to contract against). In the same study, eight master athletes stopped their endurance training for 12 wk. Exercise detraining had minimal effects on E A and E LV with a slight increase in E A /E LV at rest. However, significant deficits were noted at peak exercise with a decreased E LV (~12%) and a blunted reduction in E A /E LV (~32%). This would suggest that highly trained individuals, who have undergone decades of training, are to some extent protected from brief periods of physical inactivity, at least at rest. In contrast, the coupling response to acute exercise is most impacted by deconditioning in highly trained master athletes, and the most significant deconditioning response is a reduced LV contractility.
Exercise training also has beneficial effects on arterialventricular coupling in diseased states. We previously have shown that in patients with MetS, who are associated with a threefold increased risk of CV morbidity and mortality, aerobic exercise training did not alter resting E A /E LV , E A , and E LV but resulted in a significant increase in peak exercise E LV and consequently a decrease in peak exercise E A /E LV , which also corresponded with an improved aerobic capacity in patients with the MetS (Fig. 3) (26) . Of note, exercise training in these individuals also improved lifetime risk score (a predictor for future CV mortality), which also was correlated with E A / E LV (r = 0.50, P < 0.05) and E LV (r = −0.50, P < 0.05) reserve, suggesting that the higher the CV risk, the smaller the reduction in E A /E LV and increase in E LV during exercise. We also have unpublished data in older women with MetS (n = 9, mean age = 58 yr) that show 8 wk of deep-water aerobic exercise training did not alter resting E A , E LV , or E A /E LV ; however, at peak exercise, a 19% increase and a 22% decrease in E LV and E A /E LV was noted, respectively (Chantler, PD, unpublished manuscript/observations, October 2016). These data suggest that aquatic-based exercise training can improve LV contractility at peak exercise, resulting in a larger E A /E LV reserve and a greater optimization of CV performance. Such data indicate that various forms of aerobic exercise training are beneficial in improving E A /E LV ; in particular, exercising in an aquatic environment could benefit obese people who find exercising on a treadmill difficult, or for people with arthritis, etc. These findings have clinical importance because they provide insight that some of the pathophysiological changes associated with MetS can be improved and lower the risk of CV disease.
Improvements in arterial-ventricular coupling also have been noted in other disease populations. In individuals with coronary artery disease, 12 months of aerobic exercise training did not alter resting E A /E LV or E LV (albeit a slight reduction in E A was evident) (47). However, the major effects of exercise training in this population were noted during hand grip exercise performed at 30% of maximal voluntary contraction, whereby after exercise training, a 37% increase in E LV and a 23% reduction in E A /E LV was evident. Similarly, 20 sessions of exercise-based cardiac rehabilitation in heart failure with reduced ejection fraction increased resting E A /E LV from 0.56 + 0.18 to 0.67 + 0.21 via a slight (9%) reduction in E A . As such, resting cardiac energetic efficiency was improved, i.e., the ratio of energy transferred to the arterial system (external work) to the energy consumed for this action (2) . Collectively, exercise training Figure 3 . The effects of exercise training on resting and peak exercise arterialventricular coupling in patients with metabolic syndrome (MetS). Change in arterial-ventricular coupling (E A /E LV ), LV end-systolic elastance (E LV ), and arterial elastance (E A ) from rest to peak exercise in MetS patients who underwent exercise training (MetS-ExT, diamond) and in MetS patients who remained inactive (MetS-NonT, triangles). Healthy age-and sex-matched controls are depicted by the solid black line and closed squares. Postintervention for both MetS groups are depicted by a dashed line. Control healthy age-matched individuals are depicted by black squares with a solid line. Exercise training significantly reduced peak E A /E LV , and increased peak E LV in MetS, and there was a significant time (pre-and postintervention) by group (MetS-ExT vs MetS-NonT) for E A /E LV and E LV . *P < 0.05 illustrates significant differences pre-and postintervention in MetS Ex-T; +P < 0.05 time by group interaction. Data presented as means ± SEM. Created from previously published data, Fournier et al. (26) . induces significant CV adaptations during exercise in various populations with different severities of CV disease. Figure 4 summarizes the change in E A /E LV with age and CV disease.
CONCLUSIONS
Analyses of the LV and arterial system in the pressure-volume plane and characterizing these data with a simplified approach (E A /E LV ) permits the global evaluation of the specific contributions of the arterial system and LV in determining SV and mechanical energetics (external mechanical energy, potential energy, and energetic efficiency). Importantly, to gain further insights into the role of the vasculature and heart on determining CV performance, E A /E LV should be complemented by more specific parameters of arterial (pulse wave velocity, pulse wave analysis, characteristic impedance, conduit remodeling, etc.) and cardiac (myocardial contractility, wall stress, chamber size, and thickness) load that provide additional physiological insights into the role of aging and disease.
With advancing age, silent changes occur within the CV systems that uncouple the crosstalk between the heart and arteries, affecting CV efficiency that is further exacerbated in the presence of CV disease (Fig. 5) . Such age-disease changes limit the CV response to exercise, decreasing E LV and E A /E LV reserve capacity. Importantly, aerobic exercise training has the capacity, at least in part, to recouple the interaction between the heart and arterial systems irrespective of disease state (Fig. 4) .
Important future contributions to this topic should examine the type, frequency, intensity, and duration of exercise training required to preserve/improve E A /E LV with advancing age. It remains unknown how other exercise modalities, such as resistance training or high-intensity interval training affects E A / E LV . Given the reported sex differences in CV function with exercise training, future studies should ensure sufficient numbers Figure 4 . Schematic representation of the changes in arterial-ventricular coupling as a consequence of age and cardiovascular disease (CVD: hypertension, obesity, metabolic syndrome). The dashed light grey line represents resting arterial-ventricular coupling (E A /E LV ) and the solid dark grey curved line maximal E A /E LV . The hatched area between represents the reserve capacity of E A /E LV . This can be affected by age or cardiovascular disease, and is further exacerbated in the presence of heart failure either with preserved ejection fraction (HFpEF) or reduced ejection fraction (HFrEF). However, we hypothesize that exercise training (ExT) improves the E A /E LV reserve capacity with age and the presence of CVD. Figure 5 . Arterial and cardiac adaptations with healthy aging and the relationship with arterial-ventricular coupling. With healthy aging, the arterial and cardiac systems undergo considerable remodeling (change in collagen, reduced elastin, accumulation of advanced glycation end products, loss in cardiomyocytes, and altered autonomic tone), which uncouple the heart and arterial system at rest and during exercise. This uncoupled arterial and cardiac interaction (AV uncoupling) is further exacerbated (double arrows) in the presence of cardiovascular (CV) diseases (such as hypertension and metabolic syndrome) especially during exercise. However, evidence suggests that exercise training can recouple the interaction between the heart and arterial systems. SNS, sympathetic nervous system; BP, blood pressure; Ca of men and women to adequately compare sex-specific E A /E LV responses.
